Introduction
============

Mammalian development begins when a single spermatozoon fertilizes an ovum in the ampulla of the female oviduct. Unlike free-spawning marine invertebrates, this seminal event occurs internally in eutherian mammals. Prefertilization and postzygotic incompatibilities (habitation, physiognomy, and aneuploidy) moot many potential taxonomic crosses. In appropriate mating within a species, gamete recognition must ensure fertilization with a single sperm while preventing polyspermy that results in embryonic lethality. Although a variety of mechanisms have evolved, the initial permissive--nonpermissive dichotomy of gamete recognition in mouse and human is mediated primarily by the zona pellucida that surrounds ovulated eggs.

Human and mouse genomes have syntenic genetic loci (*ZP1*, *ZP2*, *ZP3*, and*ZP4*) that encode components of the zona matrix ([@bib30]), but ZP4 protein is not present in mice because of multiple stop and missense codons ([@bib34]). Based on its ability to inhibit sperm binding to ovulated eggs in vitro, mouse ZP3 was initially identified as the zona ligand for sperm binding ([@bib9]). With time, this model became increasingly precise to implicate O-glycans attached to Ser^332^ and Ser^334^ on ZP3 as essential for gamete recognition with their postfertilization release accounting for the inability of sperm to bind to two-cell embryos ([@bib25]; [@bib17]). However, genetic ablation of glycosyltransferases required for candidate glycans did not prevent fertility ([@bib38]; [@bib49]; [@bib1]; [@bib39]; [@bib47]; [@bib54]), and glycosylation at the designated serine residues was not observed by mass spectrometry of native zonae pellucidae ([@bib12]). Moreover, specific genetic mutation of the implicated serine residues to preclude attachment of O-glycans did not affect sperm recognition or fertility in transgenic mice ([@bib36]), even in the absence of endogenous normal mouse ZP3 ([@bib27]).

These observations prompt consideration of other zona pellucida proteins as mediators of sperm--egg recognition. *Zp1*-null mice are fertile, albeit with decreased fecundity ([@bib44]), which excludes an essential role for ZP1 in gamete recognition. *Zp4* is a pseudogene in mice ([@bib34]) and is not sufficient to support human sperm binding in transgenic mice expressing recombinant human ZP4 ([@bib57]). Thus, ZP2 draws attention. After fertilization, cortical granules in the periphery of the egg exocytose their contents ([@bib21]), and sperm do not bind to the zona pellucida of two-cell embryos ([@bib31]). Although other changes have been inferred, only cleavage of ZP2 has been biochemically documented in mouse and human ([@bib10]; [@bib6]). Recently, the site on mouse ZP2 has been molecularly characterized as ^166^LA^↓^DE^169^, and ovastacin has been defined as the egg cortical granule metalloendoprotease responsible for its cleavage. Mutation of the ZP2 site or genetic ablation of ovastacin in transgenic mice prevents ZP2 cleavage, and sperm bind to two-cell embryos, despite fertilization and cortical granule exocytosis ([@bib27]; [@bib14]).

Although these results document the dependency of gamete recognition on intact ZP2, the sperm binding site on the zona pellucida remained undefined. We now report the systematic evaluation of human sperm binding to transgenic mouse zonae pellucidae containing human ZP1, ZP2, ZP3, or ZP4. In these gain-of-function assays, human ZP2, within the context of the zona matrix, is necessary and sufficient to support human sperm binding, and the site of gamete interaction is localized to the N terminus of ZP2, upstream of the postfertilization cleavage site.

Results and discussion
======================

Taxon-specific sperm-binding assay with humanized transgenic mouse eggs
-----------------------------------------------------------------------

Human sperm bind to *Homo sapiens*, *Gorilla gorilla*, and *Hylobates lar* (gibbon) zonae pellucidae but not to those of nonhumanoid primates (baboon and rhesus) or other mammals, including mice ([@bib8]; [@bib33]). Taking advantage of this fastidious nature, we have established a gain-of-function human sperm-binding assay in transgenic mice.

Human ZP1 mice (*ZP1^huTG^*) were produced and crossed into the mouse *Zp1*-null background ([@bib44]) to establish hu*ZP1* rescue mice (*ZP1^huTG^*, *Zp1^tm/tm^*, *Zp2^+/+^*, and *Zp3^+/+^*), in which *TG* and *tm* represent the transgene and null allele, respectively. Hu*ZP1* transgenic and rescue mice had normal fertility ([Table S1](http://www.jcb.org/cgi/content/full/jcb.201203062/DC1){#supp1}) and, other than expressing the transgene, were indistinguishable from normal controls ([Fig. S1](http://www.jcb.org/cgi/content/full/jcb.201203062/DC1){#supp2}). Hu*ZP2* (*ZP2^huTG^*, *Zp1^+/+^*, *Zp2^tm/tm^*, and *Zp3^+/+^*), hu*ZP3* (*ZP3^huTG^*, *Zp1^+/+^*, *Zp2^+/+^*, and *Zp3^tm/tm^*) rescue, and hu*ZP4* transgenic (*ZP4^huTG^*, *Zp1^+/+^*, *Zp2^+/+^*, and *Zp3^+/+^*) mice have been described previously ([@bib43], [@bib45]; [@bib57]). To confirm the composition of zonae pellucidae from the four humanized mouse lines, ovulated eggs were stained with mAb specific to each mouse and human zona protein and imaged by confocal microscopy ([Fig. 1](#fig1){ref-type="fig"}). In each mouse line, both the human and mouse proteins were detected throughout the zona pellucida, and although the width of the zona matrix varied among the humanized mouse lines, there were no other apparent abnormalities.

![**Human zona proteins are incorporated into the zona pellucida of transgenic mouse eggs.** Ovulated eggs from human *ZP1* (hu*ZP1*), hu*ZP2*, and hu*ZP3* rescue as well as hu*ZP4* transgenic mice were fixed and stained with mAb to human ZP1 (huZP1), huZP2, huZP3, huZP4, mouse ZP1 (moZP1), moZP2, and moZP3. Antibody binding to human and mouse zona proteins was detected by confocal microscopy and faux colored dark blue (huZP1), red (huZP2), green (huZP3), orange (huZP4), magenta (moZP1), light blue (moZP2), or yellow (moZP3). Fluorescent and DIC images were merged.](JCB_201203062_Fig1){#fig1}

To analyze the ability of human sperm to bind to humanized eggs, a gain-of-function assay based on human in vitro fertilization ([@bib57]) was developed ([Fig. 2 A](#fig2){ref-type="fig"}). Eggs in cumulus were isolated from transgenic mice and incubated with human sperm (10^6^ ml^−1^) for 4 h to ensure sperm capacitation. Gametes were then washed serially before obtaining videos and quantifying sperm binding by confocal microscopy. Each assay contained noninseminated human oocytes and *Zp3^EGFP^* transgenic mouse eggs ([@bib58]) as positive and negative controls, respectively. Capacitated human sperm bound to neither normal nor *Zp3^EGFP^* mouse eggs ([Fig. 2 B](#fig2){ref-type="fig"}).

![**Taxon-specific sperm binding.** (A) Sperm-binding assay in which 10--20 eggs in cumulus were added to 10^6^ ml^−1^ sperm in HTF (supplemented with 0.5% BSA) and incubated for 4 h at 37°C. After serial washing with control eggs or two-cell embryos, eggs were fixed to determine the number of bound sperm. (B) Capacitated human sperm binding to noninseminated human oocytes, normal mouse, and *Zp3^EGFP^* transgenic eggs. (top) Confocal (blue channel) z projections were obtained after staining with Hoechst. (bottom) DIC and confocal (green channel) images were merged to detect zonae pellucidae containing *Zp3^EGFP^*. (C) Same as B but with capacitated mouse sperm incubated for 1 h.](JCB_201203062_Fig2){#fig2}

Similar assay conditions were used to assess mouse sperm binding to humanized eggs, except that incubation was for 40 min and mouse two-cell embryos served as negative wash controls ([Fig. 2 C](#fig2){ref-type="fig"}). Mouse sperm bound as well to *Zp3^EGFP^* as normal eggs. Thus, ZP3^EGFP^ within the zona pellucida did not affect mouse sperm binding ([Fig. 2 C](#fig2){ref-type="fig"}) or support human sperm binding ([Fig. 2 B](#fig2){ref-type="fig"}), and *Zp3^EGFP^* eggs were used in subsequent assays to distinguish normal from humanized mouse eggs.

Human sperm bind to transgenic zonae pellucidae containing human ZP2
--------------------------------------------------------------------

Using the aforementioned gamete recognition assay, human sperm bound avidly to hu*ZP2* rescue (57.1 ± 2.6 sperm/egg) but not to hu*ZP1* rescue, hu*ZP3* rescue, or hu*ZP4* transgenic eggs ([Fig. 3 A](#fig3){ref-type="fig"}). In controls, mouse sperm bound comparably well to hu*ZP1* rescue (70.4 ± 6.2 sperm/egg), hu*ZP2* rescue (63.0 ± 2.3 sperm/egg), hu*ZP3* rescue (49.1 ± 3.9 sperm/egg), and hu*ZP4* transgenic (61.1 ± 4.3 sperm/egg) eggs ([Fig. 3 B](#fig3){ref-type="fig"}). Reconstruction of a z stack from confocal microscopy documented that capacitated human sperm on the surface of hu*ZP2* rescue eggs bound by their heads with tails protruding into the media ([Fig. 3 C](#fig3){ref-type="fig"}).

![**Human sperm bind to hu*ZP2* rescue eggs.** (A) Human sperm binding to human *ZP1* (hu*ZP1*), hu*ZP2*, and hu*ZP3* rescue and hu*ZP4* transgenic eggs. Noninseminated human oocytes (human) and *Zp3^EGFP^* transgenic eggs (green zona) were positive and negative controls, respectively. Images obtained by confocal and DIC microscopy after staining with Hoechst were merged. Insets show magnification of a single humanized egg. (B) Same as A but with mouse sperm. Positive and negative controls were *Zp3^EGFP^* transgenic eggs and two-cell embryos, respectively. (C) 3D reconstruction of a z stack of confocal images of human sperm binding to the hu*ZP2* rescue egg. Sperm heads binding to the zona pellucid were visualized by Hoechst staining, and the projection of sperm tails into the media was detected by single wavelength reflection. (D) Same as A but with human *ZP1* (hu*ZP1*), hu*ZP2*, and hu*ZP3* transgenic eggs before crossing into the corresponding null background. (E) Human sperm binding to hu*ZP2* rescue eggs after sperm capacitation for 30 min, 2 h, 3 h, and 4 h. Confocal z projections (top) and DIC (bottom) images after staining with Hoechst.](JCB_201203062_Fig3){#fig3}

Within a lawn of highly motile human sperm, hu*ZP2* rescue eggs with bound human sperm rotated and moved, but in the absence of bound sperm, hu*ZP1* rescue, hu*ZP3* rescue, and hu*ZP4* transgenic eggs moved little, if at all ([Videos 1](http://www.jcb.org/cgi/content/full/jcb.201203062/DC1){#supp3}, [2](http://www.jcb.org/cgi/content/full/jcb.201203062/DC1){#supp4}, [3](http://www.jcb.org/cgi/content/full/jcb.201203062/DC1){#supp5}, and [4](http://www.jcb.org/cgi/content/full/jcb.201203062/DC1){#supp6}). Thus, human ZP2 was sufficient to support human sperm binding to the zona pellucida of transgenic mice lacking endogenous mouse ZP2. To determine whether the gain of function was a dominant effect, eggs from hu*ZP1*, hu*ZP2*, and hu*ZP3* transgenic mice (before crossing into the corresponding null background) were assayed. Although fewer in number, human sperm bound to hu*ZP2* transgenic (25.7 ± 2.6 sperm/egg) as well as they did to hu*ZP2* rescue eggs and did not bind to hu*ZP1* or hu*ZP3* transgenic eggs ([Fig. 3 D](#fig3){ref-type="fig"}). Thus, the presence of human ZP2, rather than the absence of mouse ZP2, is required for human sperm attachment.

Human and mouse sperm must be capacitated by passage through the female reproductive tract or by in vitro incubation, usually in the presence of serum proteins or cyclodextrin ([@bib20]), to bind to the zona pellucida, undergo acrosome exocytosis, and fertilize ovulated eggs ([@bib5]). Initially defined operationally ([@bib2]; [@bib16]), the molecular basis of capacitation remains incompletely understood. Capacitation of mouse sperm occurs within 1 h but requires 4 h of coincubation of gametes for human sperm ([@bib40]; [@bib7]). Using conditions for mouse in vitro fertilization, we previously reported that human sperm capacitated for \<2 h did not bind to ovulated hu*ZP2* rescue eggs ([@bib45]). These observations were confirmed in our current assay using human in vitro fertilization conditions and noninseminated human oocytes as positive controls. However, after 3 h of incubation, human sperm began to bind, and by 4 h, robust binding was observed ([Fig. 3 E](#fig3){ref-type="fig"}). Thus, human sperm need to be capacitated for ∼4 h to bind to the humanized zona pellucida, indicating physiological relevance of the observed gamete interactions.

Sperm bind an N-terminal domain on human ZP2
--------------------------------------------

Postfertilization proteolytic cleavage at the N terminus of ZP2 prevents sperm binding to the zona pellucida ([@bib10]; [@bib6]; [@bib27]; [@bib14]). However, whether cleavage was indirectly affecting the 3D structure of the zona matrix or a specific binding site remained unresolved. To investigate a direct role in gamete recognition, recombinant baculovirus encoding N-terminal human and mouse ZP2 peptides were constructed ([Fig. 4 A](#fig4){ref-type="fig"}). Each peptide had a honeybee mellitin signal peptide (23 aa) at its N terminus to ensure secretion and a 6-His tag at its C terminus to facilitate purification. Human ZP2^39--154^ and ZP2^39--267^ start at the N terminus of the secreted ectodomain and terminate before and after the previously described ^171^LA^↓^DD^174^ cleavage site ([@bib27]), respectively. Each contained an even number of cysteine residues capable of forming two (ZP2^39--154^) or three (ZP2^39--267^) disulfide bonds ([Fig. 4 E](#fig4){ref-type="fig"}), and each contained N-linked glycans that could be removed with PNGase F ([Fig. S2 A](http://www.jcb.org/cgi/content/full/jcb.201203062/DC1){#supp7}). The corresponding mouse ZP2^35--149^ and ZP2^35--262^ recombinant peptides, the C termini of which flank the mouse ^166^LA^↓^DE^169^ cleavage site, were also expressed and purified from insect cells (Fig. S2 B).

![**Sperm binding to recombinant ZP2 peptides.** (A) Schematic representation of secreted human and mouse ZP2 with zona domains at their C termini and postfertilization cleavage sites near their N termini. Vertical lines (yellow) represent conserved cysteine residues. Recombinant human and mouse N-terminal peptides that end either before or after the initial postfertilization cleavage site (inverted triangles) are indicated below each protein. (B) Capacitated human sperm binding to 6-His--tagged recombinant ZP2 peptides (huZP2^39--154^, huZP2^39--267^, moZP2^35--149^, and moZP2^35--262^) attached to IMAC Sepharose beads. Beads alone provide a negative control. DIC (top) and confocal z projection (bottom) images after staining with Hoechst. (C) Quantification of capacitated human (red) and mouse (green) sperm binding to recombinant human (huZP2^39--154^ and huZP2^39--267^) and mouse (moZP2^35--149^ and moZP2^35--262^) peptide beads. Box plots reflect the median (lines) and data points within the 10th and 90th percentiles (error bars). Boxes include the middle two quartiles, and outliers are indicated by dots. (D) Coomassie blue--stained SDS-PAGE of huZP2^39--154^ and huZP2^39--267^ before (−) and after (+) reduction and alkylation of the disulfide bonds. Molecular masses are indicated on the left. (E) Same as C for capacitated human sperm binding to recombinant human (huZP2^39--154^ and huZP2^39--267^) peptide beads before (red) and after (yellow) reduction and alkylation of peptides to disrupt disulfide bonds. Molecular masses are indicated on the left.](JCB_201203062R_Fig4){#fig4}

Human sperm bound well to beads coated with recombinant human ZP2^39--154^ or ZP2^39--267^ peptides but poorly to beads coated with the homologous mouse peptides ([Fig. 4 B](#fig4){ref-type="fig"}), an observation that was quantified with box plots to capture all of the experimental data ([Fig. 4 C](#fig4){ref-type="fig"}). Reduction of disulfide bonds and alkylation of free sulfhydryl groups ([Fig. 4 D](#fig4){ref-type="fig"}) significantly decreased human sperm binding to ZP2^39--154^ or ZP2^39--267^ peptides ([Fig. 4 E](#fig4){ref-type="fig"}), indicating a dependence on secondary structures defined, at least in part, by disulfide bonds. The binding of human sperm to hu*ZP2* rescue eggs (as well as to huZP2^39--154^ peptide beads) was inhibited by excess huZP2^39--154^, but not moZP2^35--149^ peptides, which corroborated the specificity of the binding site on ZP2 (Fig. S2, C and D). Although fewer in number, mouse sperm bound comparably to mouse and human ZP2 peptide beads consistent with its observed lack of taxon specificity in binding to mouse and human eggs ([@bib8]). From these results, we conclude that the N terminus of human ZP2 plays an important role in gamete recognition on the surface of the zona pellucida.

Sperm binding to humanized zonae pellucidae
-------------------------------------------

To analyze mice with a more physiologically relevant human zona pellucida, the four mouse lines expressing human zona proteins were crossed to establish hu*ZP1--4* rescue mice (*ZP1^huTG^*, *ZP2^huTG^*, *ZP3^huTG^*, *ZP4^huTG^*, *Zp1^tm/tm^*, *Zp2^tm/tm^*, and *Zp3^tm/tm^*) that expressed the four human and none of the three mouse zona proteins ([Fig. 5 A](#fig5){ref-type="fig"}). The resultant line was difficult to maintain, as transgenic females were variably fertile with roughly 50% producing litters of decreased size (two to four pups), only half of which were female. Nevertheless, in the presence of all four human zona proteins, capacitated human sperm bound in vitro to hu*ZP1--4* rescue eggs but not to two-cell embryos obtained after fertilization with mouse sperm ([Fig. 5 B](#fig5){ref-type="fig"}). The sperm that bound to the surface of the zona pellucida penetrated the zona matrix and accumulated in the perivitelline space between the inner aspect of the zona matrix and the egg plasma membrane.

![**Human sperm bind and penetrate humanized zonae pellucidae.** (A) Ovulated eggs from hu*ZP1--4* rescue mice expressing human ZP1, ZP2, ZP3, and ZP4 but not mouse ZP1, ZP2, or ZP3 after staining with monoclonal antibodies to individual zona proteins. Antibody binding was detected by confocal microscopy as described in [Fig. 1](#fig1){ref-type="fig"}. (B) Human sperm binding to hu*ZP1--4* rescue eggs and two-cell embryos. Confocal z projections (top) and DIC (bottom) images after staining with Hoechst. (C) Acrosome status of human sperm within the perivitelline (PV) space of hu*ZP1--4* rescue eggs was determined by confocal microscopy after staining with Hoechst and using SPESP1 (red) and CD46 (green) antibodies that detect acrosome-intact and -reacted sperm, respectively ([Fig. S3](http://www.jcb.org/cgi/content/full/jcb.201203062/DC1){#supp8}). The localization of sperm within the perivitelline space was confirmed by x-y, x-z, and y-z orthogonal views, where the x, y, and z axes are colored green, red, and blue, respectively.](JCB_201203062_Fig5){#fig5}

Human sperm are relatively short (∼60 µm) with spatulate-shaped heads (3 × 4.5 µm) that contain an acrosome, a Golgi-derived subcellular organelle underlying the anterior plasma membrane. In association with fertilization, the plasma membrane overlying the sperm head and the outer acrosomal membranes fuse to release acrosomal contents, and only acrosome-reacted sperm are present in the perivitelline space ([@bib3]; [@bib46]). The acrosome status of human sperm ([Fig. S3](http://www.jcb.org/cgi/content/full/jcb.201203062/DC1){#supp9}) can be assessed with antibodies to SPESP1 (sperm equatorial segment protein 1) that bind to acrosome-intact sperm ([@bib55]; [@bib26]) and with antibodies that recognize CD46, an antigen present on the inner acrosomal membrane and only accessible after acrosome exocytosis ([@bib24]).

Despite the paucity of biological material (14 eggs), only acrosome-reacted human sperm (*n* = 76, mean of 5.4 ± 1.2 SEM) were detected in the perivitelline space ([Fig. 5 C](#fig5){ref-type="fig"}). As previously reported for zona-free mouse eggs ([@bib42]; [@bib56]), the acrosome-reacted human sperm were unable to fuse with mouse eggs. We conclude that the reconstituted humanized zona pellucida containing human ZP1--4 is a physiologically relevant platform to which human sperm bind, penetrate, and accumulate in the perivitelline space.

ZP2 model of gamete recognition
-------------------------------

Collectively, these observations provide a simple, unifying formulation for the molecular basis of gamete recognition in which sperm bind to ZP2 in the extracellular zona pellucida surrounding ovulated eggs. In this model, capacitated sperm attach to an N-terminal domain (∼115 aa) of ZP2 before penetration of the zona matrix and entrance into the perivitelline space. After fertilization, ovastacin, an oocyte-specific member of the astacin family of metalloendoproteases ([@bib41]), is exocytosed from egg cortical granules and cleaves extracellular ZP2 ([@bib14]). After the initial cleavage (^166^LA^↓^DE^169^ in mouse; ^171^LA^↓^DD^174Z^ in human), further digestion of ZP2 at additional diacidic motifs (^54^DE^55^ and ^127^DD^128^ in mice; ^56^DE^57^ and ^144^EE^145^ in humans) effectively destroys the sperm-binding domain ([@bib29]; [@bib27]; [@bib14]) and accounts for the inability of sperm to bind to two-cell embryos.

ZP2 is present in a wide range of vertebrates, including birds, fish, and reptiles ([@bib48]). Although earlier studies implicated ZP2 as a secondary zona ligand that binds acrosome-reacted sperm ([@bib11]; [@bib53]; [@bib32]; [@bib15]; [@bib19]), there is precedence for ZP2 acting in primary gamete recognition. Native gp69/64, the *Xenopus laevis* ZP2 homologue, inhibits sperm binding to eggs in a competition assay ([@bib50]). After fertilization and cleavage at the conserved ^155^FD^↓^DD^158^ site, neither a recombinant N-terminal 27-mer peptide (gp69/64^130--156^) nor the C-terminal native gp69/64 glycopeptide was inhibitory in a sperm-binding assay. These results were attributed to either the lack of normal posttranslational glycosylation of the small recombinant peptide (gp69/64^130--156^) or truncation of the C-terminal glycopeptide ([@bib51], [@bib52]). Alternatively, we note that the small *Xenopus* gp69/64^130--156^ peptide is bounded by diacidic residues (^130^DE^131^ and ^157^DE^158^) and could represent a proteolytic fragment of a larger (i.e., gp69/64^34--156^) sperm-binding domain and, thus, incapable of inhibiting gamete binding on its own. *Xenopus* ZP2 is cleaved by a zinc metalloprotease ([@bib35]), and postfertilization proteolysis of the N-terminal domain of gp69/64 could account for the inability of sperm to bind to early *Xenopus* embryos as it does in mice. Thus, it seems likely that the ZP2 model of gamete recognition pertains more broadly among vertebrates.

If prior focus on ZP3 was misplaced, the current molecular definition of ZP2 as a zona ligand may provide a path forward in identification of the cognate sperm surface receptor and investigating its role in gamete recognition and induction of acrosome exocytosis, both necessary for sperm--egg fusion and fertilization. In addition, humanized transgenic eggs to which human sperm bind should provide a useful proxy for investigating human gamete interactions with potential translational applications for reproductive medicine.

Materials and methods
=====================

Establishment of transgenic mouse lines
---------------------------------------

Human *ZP1* (chromosome 11: 60,635,015--60,643,164) was retrieved from bacterial artificial chromosome RP11-1080G11 (Children's Hospital Oakland Research Institute) into a bacterial plasmid by DNA recombineering ([@bib37]). Oligonucleotide primers were designed to PCR amplify left (huZP1LFW1-29-08 forward, 5′-GCGGCCGCAAGGAAAGCATTATC-3′; and HuZP1LRV1-29-08 reverse, 5′-AAGCTTAGAGGGGAATGGCACAC-3′) and right (HuZP1RFW1-29-08 forward, 5′-AAGCTTCCCAAGCCTATTGCTTAC-3′; and HuZP1RRV1-29-08 reverse, 5′-ACTAGTCCAACCAGCCAAGCTAAG-3′) arms bounded by NotI and SalI and separated by a HindIII restriction enzyme site ([@bib57]).

The NotI and SalI human ZP1 DNA fragment was injected into pronuclei of one-cell embryos to establish transgenic mouse lines. Mice were genotyped by PCR of tail DNA using exon-specific oligonucleotides (HuZP1EX2-3F2/08 forward primer, 5′-CTTCTCGGCCGATTACAGAG-3′; and HuZP1EX2-3RV2/08 reverse primer, 5′-CGTTTGTTCACATCCCAGTG-3′). The presence of the transgene in founder lines was confirmed by Southern hybridization using full-length human *ZP1* cDNA (GeneArt AG) in 7 out of 31 pups (22.6%). Three mice (two female and one male) were used to establish stable transgenic lines, one of which (*ZP1^huTG^*) was used in the current experiments. Human *ZP1* expression was detected by PCR using the aforementioned exon primer pair, and total RNA was isolated from 4--8-wk-old mouse tissues. Glyceraldehyde 3-phosphate dehydrogenase served as a control for RNA integrity. The *ZP1^huTG^* line was crossed into the mouse *Zp1*-null background ([@bib44]) to establish hu*ZP1* rescue mice (*ZP1^huTG^*, *Zp1^tm/tm^*, *Zp2^+/+^*, and *Zp3^+/+^*).

Sense and antisense ^35^S-labeled human ZP1 cRNA (1--693 nt) was used for in situ hybridization of 7-µm sections from 16-d-old ovaries that were fixed in 4% formaldehyde and embedded in Tissue-Tek OCT (Sakura; [@bib57]). Slides were counterstained with cresyl violet and imaged using bright- and dark-field microscopy. Ovaries from 3--4-wk-old mice were fixed in glutaraldehyde, embedded in plastic, and stained with periodic acid Schiff's reagent to visualize the zonae pellucidae. Ovulated eggs were obtained after gonadotropin stimulation and imaged by differential interference contrast (DIC) microscopy ([@bib57]). Zona proteins from noninseminated, immature human oocytes (Shady Grove Fertility Center) and hu*ZP1* and hu*ZP4* transgenic eggs were resolved on Novex Bis-Tris Gels (NuPAGE; Invitrogen), transferred onto polyvinylidene difluoride membranes, and probed with mAb to human ZP1 ([@bib28]). The primary antibody (1:2,000) was detected using a goat HRP--conjugated secondary antibody (1:10,000) and a luminescent image analyzer (LAS-3000; Fujifilm).

Confocal microscopy
-------------------

To detect human zona proteins in transgenic zonae pellucidae, ovulated eggs were fixed in 2% paraformaldehyde and stained with mAb to mouse ZP1 ([@bib44]), ZP2 ([@bib22]), and ZP3 ([@bib23]) and human ZP1 ([@bib28]), ZP2 ([@bib45]), ZP3 ([@bib43]), and ZP4 ([@bib13]). Monoclonal antibodies to human ZP1 and ZP4 were kind gifts of S. Gupta (National Institute of Immunology, New Delhi, India). Antibody binding to human and mouse zona proteins was detected by confocal microscopy using goat anti--mouse Alexa Fluor 568 (1:100) and goat anti--rat Cy3 (1:100) antibodies, respectively. Capacitated human sperm, before and after treatment with 3 µmol A23187 to induce acrosome exocytosis, were fixed with 2% paraformaldehyde and stained with mouse antibodies to human SPESP1 (1:50; Abnova) or FITC-conjugated mouse anti--human CD46 (1:50; BD) to detect acrosome-intact and -reacted sperm, respectively, by confocal microscopy. Goat anti--mouse Alexa Fluor 564 (1:100) was used to detect the bound SPESP1 antibody.

Samples were mounted in PBS, and images of eggs, embryos, and beads were obtained with a confocal microscope (LSM 510; Carl Zeiss) using a 63×/1.2 NA water immersion objective ([@bib4]; [@bib57]). LSM 510 images were exported as a full resolution TIF files and processed in Photoshop CS5.5 (Adobe) to adjust brightness and contrast. 3--5-µm optical sections were used for 3D reconstruction and orthogonal and z projections. Sperm tails were imaged by confocal single wavelength reflection using a 750-nm laser light passed through a pinhole and collected by a photomultiplier tube ([@bib18]).

Fertility and sperm binding to ovulated eggs
--------------------------------------------

To assay human sperm binding, individual 0.5-ml aliquots of liquefied human semen (Genetics & IVF Institute Cryobanks) were added to a 2.0-ml Eppendorf tube containing 0.5 ml of 40% PureSperm (Nidacon) layered over 0.5 ml of 80% PureSperm. After centrifugation (swinging bucket for 15 min × 300 *g* at 20°C) and removal of the supernatant, sperm were resuspended in the residual buffer and transferred to 1.0 ml human tubal fluid (HTF; EMD; Millipore) supplemented with 0.5% BSA (Sigma-Aldrich). After a second centrifugation (5 min × 300 *g*), sperm were resuspended in 0.2 ml HTF/BSA, and two to four aliquots were mixed before evaluation by a motility analyzer (HTM IVOS version 12.3; Hamilton Thorne Biosciences; [@bib27]). Sperm were then diluted in HTF/BSA to 10^6^ ml^−1^. Transgenic eggs in cumulus, normal eggs, *Zp3^EGFP^* eggs ([@bib58]), two-cell embryos from mice, and/or noninseminated, immature human oocytes were incubated in 100-µl droplets of sperm (10^5^) in HTF/BSA under mineral oil for 4 h (37°C at 90% N~2~, 5% O~2~, and 5% CO~2~) in an incubator (BT37GP; Planer). Eggs/embryos/oocytes were washed by serial transfer through 500 µl HTF/BSA and either fixed for imaging or observed by video camera (KP-D20A/B; Hitachi). Two to three noninseminated human oocytes were used as controls.

To assay mouse sperm binding ([@bib45]), cauda epididymides were macerated in a dish of HTF/BSA to release sperm that were capacitated for 40 min (37°C with 90% N~2~, 5% O~2~, and 5% CO~2~) and added to eggs and embryos in 100 µl HTF/BSA. Normal mouse eggs and two-cell embryos served as positive and negative controls, respectively. Mouse and human samples were fixed in 2% paraformaldehyde and stained with Hoechst to identify nuclei. Bound sperm were quantified from z projections obtained by confocal microscopy ([@bib4]), and results reflect the mean ± SEM from at least three independently obtained samples, each containing 6--12 mouse eggs/embryos.

Experiments with normal and transgenic mice were conducted in compliance with the guidelines of the Animal Care and Use Committee of the National Institutes of Health under a Division of Intramural Research, National Institutes of Diabetes and Digestive and Kidney Diseases--approved animal study protocol. Human sperm binding assays were conducted in compliance with an Institutional Review Board approved protocol and the Office of Human Subject Research determined that federal regulations did not apply to the anonymous human sperm and noninseminated, immature oocytes.

Sperm binding to ZP2 peptide beads
----------------------------------

cDNA encoding N-terminal fragments of human (39--154 and 39--267 aa) and mouse (35--149 and 35--262 aa) ZP2 were cloned into the pFastBac HBM TOPO vector (Invitrogen) downstream of a polyhedron promoter and a 23-aa honeybee mellitin signal peptide. For purification, a 6-His tag was encoded in frame at the 3′ end of the open reading frame of each clone. Bacmid DNA, isolated after transformation into DH10Bac *Escherichia coli*, was used to transfect insect cells to produce recombinant baculovirus particles for infection of High Five cells using protocols provided by the manufacturer (Invitrogen). After incubation for 72 h at 21°C, the secretion of ZP2 peptides was confirmed by immunoblotting using mAb to ZP2 ([@bib22]; [@bib45]), and peptides were isolated on immobilized metal affinity chromatography (IMAC) beads (GE Healthcare) per the manufacturer's instructions. To examine the diversity of the recombinant human ZP2 glycoforms, huZP2^39--154^ and huZP2^39--267^ peptides were digested (1 h at 37°C and 300 rpm in a thermomixer; Eppendorf) with PNGase F (New England Biolabs, Inc.) according to the manufacturer's instructions.

Beads alone or after conjugation with recombinant peptides were incubated with human or mouse sperm in 100 µl (see first paragraph in Fertility and sperm binding to ovulated eggs section) for 1--4 h (37°C with 90% N~2~, 5% O~2~, and 5% CO~2~), washed twice in 500 µl HTF/BSA, fixed in 2% paraformaldehyde, stained with Hoechst, and imaged by confocal microscopy. Human sperm binding to hu*ZP2* rescue eggs and to huZP2^39--154^ peptide beads (see previous section) was inhibited by the addition of recombinant huZP2^39--267^, but not moZP2^35--149^, peptides (20--50 µl of ∼5 µg/ml High Five cell supernatant) at the time of insemination.

To disrupt secondary structure determined by disulfide bonds, the human peptides were eluted from beads with 300 mM imidazole, diluted 10-fold, reduced with 5 mM Tris\[2-carboxyethyl\]phosphine, and alkylated with 30 mM iodoacetamide (Sigma-Aldrich) before reisolation on IMAC beads. Results reflect the mean ± SEM from at least three independently obtained samples, each containing 20--25 beads. Cloning, expression, and attachment to IMAC beads and protein modifications were performed in the Protein Expression Laboratory of the Advanced Technology Program, Science Applications International Corporation-Frederick, Inc.

Online supplemental material
----------------------------

Fig. S1 describes the phenotype of the human *ZP1* transgenic mouse line. Fig. S2 characterizes the human and mouse ZP2 N-terminal peptides and their ability to inhibit human sperm binding. Fig. S3 defines the immunohistological assays used to determine the acrosome status of human sperm. Table S1 documents the fertility of human *ZP1* transgenic mice. Videos 1--4 document human sperm binding to human *ZP1* (Video 1), *ZP2* (Video 2), and *ZP3* (Video 3) rescue eggs as well as to human *ZP4* (Video 4) transgenic eggs. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.201203062/DC1>.
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